oxide films formed by electrochemical activation of iridium metal (AIROF) or by electrochemical deposition (EIROF) are being evaluated as low-impedance charge-injection coatings for neural stimulation and recording. Iridium oxide may also be deposited by reactive sputtering from iridium metal in an oxidizing plasma. The characterization of sputtered iridium oxide films (SIROFs) as coatings for nerve electrodes is reported. SIROFs were characterized by cyclic voltammetry, electrochemical impedance spectroscopy, and potential transient measurements during charge-injection. The surface morphology of the SIROF transitions from smooth to highly nodular with increasing film thickness from 80 nm to 4600 nm. Charge-injection capacities exceed 0.75 mC/cm 2 with 0.75 ms current pulses in thicker films. The SIROF was deposited on both planar and non-planar substrates and photolithographically patterned by lift-off.
I. INTRODUCTION
Emerging prostheses and therapies involving neural stimulation and recording electrodes frequently require charge-injection and impedance levels beyond the capabilities of noble metals. Typically, high charge-injection capacity, low impedance coatings of activated iridium oxide (AIROF) or high-porosity (fractal) titanium nitride (f-TiN) are used when charge-injection densities of over ~0.5 mC/cm 2 are required [1, 2] . AIROF is formed from iridium metal by electrochemical potential cycling in an aqueous electrolyte while f-TiN is formed by reactive sputtering [2, 3] . Other methods of forming iridium oxide, notably electrodeposition [4] and thermal decomposition of iridium salt solutions [5] , like AIROF, involve formation of the oxide from an aqueous medium, and these films are hydrated and of low density. There are only a few reports describing sputtered iridium oxide films (SIROFs) as lowimpedance charge-injection coatings. SIROF is denser and physically more robust than AIROF, and is likely to exhibit a higher electronic conductivity but lower ionic conductivity. The properties of SIROF relevant to its use in nerve electrodes have been investigated as a function of film thickness. The SIROF has charge-injection capabilities that exceed those of Pt and may offer an alternative to AIROF or f-TiN in some applications. The SIROF can be deposited on a variety of metals, including titanium, platinum or gold, and patterned by photolithography.
II. METHODOLOGY
SIROF films were deposited by reactive sputtering from an iridium metal target in a diffusion-pumped vacuum system equipped with a microprocessor controlled gate valve operated with a capacitance manometer for precise pressure control independent of the sputtering gas composition. Most depositions used a reactive gas mixture of Ar, O 2 and H 2 . The as-deposited SIROF was characterized by scanning electron microscopy (SEM), x-ray diffraction, and profilimetry for thickness determination.
The electrochemical characterization included cyclic voltammetry (CV) and impedance spectroscopy (EIS). The CVs were taken in Ar-dearated, phosphate-buffered saline (PBS) having a composition of 126 mM NaCl, 22 mM NaH 2 PO 4 -7H 2 O and 81 mM Na 2 HPO 4 -H 2 O at pH 7.3. Slow sweep rate CV measurements (50 mV/s) between potential limits of -0.6 V and 0.8 V (versus Ag|AgCl) were used to calculate cathodal charge storage capacities (CSC c ), which estimate the total amount of iridium oxide deposited on the substrate. The EIS measurements were made over a 0.05 -10 5 Hz frequency range using a 5 mV rms sinusoidal excitation voltage about a fixed potential of 0.3 V vs. Ag|AgCl. The CV and EIS measurements were made with a Gamry potentiostat and vendor supplied software. All electrochemical measurements were made in a threeelectrode cell using a large-area platinum counterelectrode and a Ag|AgCl reference electrode. The impedance measurements were made in a CBS/PBS electrolyte of physiological buffer and saline concentration (137 mM NaCl, 29 mM NaHCO 3 , 1.7 mM Na 2 HPO 4 , and 0.7 mM NaH 2 PO 4 purged with a 5% CO 2 /6% O 2 /89% N 2 gas mixture to pH 7.4). Unless otherwise noted, the surface area of the electrodes was 0.05 cm 2 . Electrode polarization during pulsing was measured in response to cathodal, monophasic current pulses that were charge balanced by capacitor coupling as shown Fig. 1 . During the current pulse switch S 1 is closed and S 2 open. After the current pulse has been delivered, S 1 opens and S 2 closes, allowing the capacitor (C d ) to discharge through the working (W) and counter (CE) electrodes. The pulse and discharge current are measured as a voltage across resistor R i while the potential of the electrode is recorded against a Ag|AgCl reference electrode.
The electrochemical potential transients of the SIROF were determined from the voltage waveform by correcting for iR drops as shown in Fig. 2 for a 2.4 µm thick SIROF. The lower trace shows the cathodal-first 50 mA current pulse (I p ) with a width of 0.75 ms (t p ) followed by the associated with iR in the circuit (including electrolyte) and concentration polarization at the electrode, the electrochemical polarization of the electrode (V p ), and the maximum cathodal electrochemical potential excursion (E mc =V ipp +V p , noting that V p is negative for a cathodal pulse). The value of E mc is also indicated on the voltage trace at a point immediately after the current pulse when iR=0. A 10 µs delay is inserted between the cathodal pulse and the onset of the capacitor discharge phase to provide a clear indication of V acc at the end of the current pulse. The driving voltage (V drv =V acc + V p ) is the maximum voltage required to deliver the current pulse. Pulses were typically delivered at a frequency of 50 Hz, allowing ~19 ms between pulses to complete the capacitor-discharge phase.
III. RESULTS AND DISCUSSION

A. Surface Morphology
Scanning electron micrographs of SIROF deposited to a thickness 80 nm, 2400 nm, and 4600 nm are compared in Fig. 3 . The 80 nm SIROF is smooth and featureless. As the film thickness is increased, a nodular morphology appears that becomes pronounced in thicker films, which develop a "cauliflower" appearance. This is similar to that observed with f-TiN except that the SIROF does not develop the welldefined faceted surface features that characterize f-TiN at similar thickness levels. The nodular surface becomes apparent in the SEM at a thickness of ~300 nm. Unlike fTiN, which exhibits a well-defined crystalline structure, xray diffraction of the SIROF revealed poor crystallinity.
B. Cyclic Voltammetry and Impedance Spectroscopy
Cyclic voltammograms of SIROF (80 nm thick) and AIROF are compared in Fig. 4 . Both films have a cathodic charge storage capacity (calculated from the time integral of the cathodic current during a full potential cycle) of 18 mC/cm 2 . The SIROF does not exhibit the well-defined reduction and oxidation peaks, at 0.1 V and 0.2 V respectively, that are typical of AIROF. This lack of definition (lower current density), suggests that this redox process is slower in the sputtered film compared with the electrochemically activated film, which is presumably due to the higher density of the SIROF and correspondingly lower ion transport rates within the film. At negative potentials (<-0.2 V), the SIROF exhibits more capacity than the AIROF, which is consistent with the denser SIROF having a higher electronic conductivity than the AIROF at these potentials. Although the SIROF voltammogram is somewhat capacitive in appearance, the charge is associated with faradaic Ir 
Ir
4+ + e -redox process, as evidenced by the optical changes that accompany the charge transfer reaction [4] . Thicker SIROF shows more distinct processes, as shown in Fig. 5 for a film thickness up to 4600 nm.
Bode plots of SIROF impedance in CBS/PBS are shown in Fig. 6 over a thickness range of 80-4600 nm, with an uncoated Pt electrode included for comparison. At frequencies below 10 3 Hz, the impedance decreases with increasing film thickness up to 2400 nm. There is little difference in the impedance of the 2400 nm and 4600 nm films. The phase angle in the 10 -10 3 Hz range, which is substantially capacitive in the uncoated electrode, becomes resistive (between 0 o to -10 o ) as the SIROF thickness increases. This behavior is similar to that observed with AIROF electrodes as the AIROF film thickness or charge storage capacity is increased. Fig. 7 . The SIROF was capable of injecting 0.37 mC/cm 2 with 0.75 ms pulses before the maximum cathodal potential excursion reached the -0.6 V limit for reduction of water. This charge density is slightly higher than that of an uncoated platinum electrode, which at the 0.75 ms pulse width had a charge injection capacity of ~0.3 mC/cm 2 . The charge-injection capacity of the Pt is higher than previously reported values of ~0.1 mC/cm 2 because of the longer pulse width, 0.75 ms versus 0.2 ms, used in the present study [6] .
The charge-injection capacity increases as the SIROF thickness in increased, as shown in Fig. 8 for a 520 nm film. In this case, the SIROF was capable of injecting 0.75 mC/cm 2 with a cathodal polarization of -0.32 V. The maximum driving voltage and the electrochemical polarization of SIROF is shown in Fig. 9 as a function of thickness for a charge injection density of 0.23 mC/cm 2 . The benefit of the thicker SIROF in reducing the driving voltage and hence the power required to inject the stimulus pulse is apparent from these data. For example, the 2400 nm SIROF reduces the driving voltage from an uncoated value of 1.65 V to 0.66 V, with a corresponding reduction in the electrode polarization (V p ) of 1.00 to 0.08 V. At the 0.23 mC/cm 2 charge-injection level, the polarization of the 2400 nm and 4800 nm SIROF were almost identical.
The SIROF tolerated photolithographic patterning using a positive photoresist and acetone as a stripping agent. Subsequently, films could be oxygen plasma cleaned without alteration in electrochemical properties other than a reversible positive shift in open-circuit potential.
V. CONCLUSION
SIROF has not received much attention as a chargeinjection coating for stimulation or recording electrodes. However, SIROF can provide charge-injection at levels beyond those of platinum electrodes and is more robust than AIROF. SIROF is well-suited to deposition and photolithographic patterning on planar substrates and can be deposited on typical conductor metallization using a titanium adhesion layer. The maximum charge-injection capacity of SIROF and its stability under long-term pulsing remain to be determined. However, preliminary studies suggest that SIROF is more tolerant of over-pulsing than AIROF or electrodeposited iridium oxide (EIROF), and may offer an attractive alternative to either other iridium oxides or f-TiN in some applications. 
